Introduction
The directed metal oxidation process is a new and innova tive technique to produce ceramic/metal base composites by exposing molten M-X-Y melts*1 to oxidizing at mospheres at relatively high temperatures (>1173 K).1)-17) The final product is a three dimensional intercon nected, interpenetrating network of metal M oxide and micro-channels of residual metal alloy of X and Y. The product grows towards the oxidizing atmosphere with reac tion between metallic and gaseous phases occurring above the already formed product. The reaction is sustained by wicking of the molten alloy to the surface by capillary forces. The metal M is the main component of the alloy which is oxidized to form the ceramic, e. g., Al2O3, TiO2, ZrO2. X (e. g., Mg, Zn) and Y (e. g., Si, Ni, Cu) are present in the melt in small quantities (usually<10 mass%). The alloying element X helps to initiate the oxidizing reaction by forming a porous spinel compound and thereby prevents formation of a passive oxide film at the surface as normally occurs in pure aluminum. The alloying elements of Y also alter the surface energies of the melt to facilitate the wet ting of the oxide and promote the wicking of the molten al loy. The details of growth behavior and growth process of Al2O3/Al alloy composite from Al-Mg-Si alloy have been reported elsewhere.1),3)-7),10)- 15) Fiber or particulate-reinforced Al2O3/Al alloy composite can be fabricated by placing a filler, particulate or fibrous, e. g., SiC, in contact with the alloy and allowing the oxide to encompass the filler.10)-15) When the reinforcement was placed above the alloy melt, the reinforcement was infiltrat ed by formed Al2O3/Al alloy. The process offers an attrac tive alternative to traditional ceramic processing methods for fabrication of monolithic, near net-shaped bodies. This process has also been successfully applied for the fabrica tion of various types of reinforced Al2O3/Al alloy matrix composite materials. Review of the existing literature also shows successful application of the directed oxidation process to fabricate fiber-reinforced Al2O3/Al alloy composites. 17) In this research, fabrication of SiC fiber*2 reinforced with Al2O3/Al alloy composite (SiC/Al2O3/Al alloy compo site) was carried out by the directed oxidation of Al-Mg-Si alloy and the effects of additive Mg and Si concentration on the incorporation process of the Al2O3/Al alloy composite into SiC fiber are discussed. Study of the processing varia bles and effects of the additive elements, Mg and Si, on the production rate of the three-phase composite is reported. The result yields informations on fundamental aspects of the fabrication of fiber-reinforced Al2O3/Al alloy compo sites by the directed metal oxidation process.
M is the main component, X and Y are additional elements NicalonTM, Nippon Carbon Co., Ltd., Tokyo, Japan 2. Experimental procedure Al-Mg-Si alloys were selected for this investigation be cause the growth rate and resultant phase of the composite without filler were relatively well understood from our preli minary experiments.4)-7) The aluminum alloy compositions selected for the research are listed in Table 1 . The alloys were prepared by melting commercially pure aluminum (99.9 mass% purity) in an electric furnace and then adding the alloying elements; Mg (99.9 mass% purity) and Si (99.99 mass% purity). The freshly prepared aluminum al loy was cast into a steel die, recast into an alumina crucible, then the surface of the recast alloy was slightly polished, and cleaned with acetone prior to the oxidation experiment. The directed oxidation studies were conducted utilizing 40 grams of aluminum alloy, with a fiber preform place above it, in an alumina crucible (inner diameter: 30mm, height: 30mm, 99 mass% purity). Two kinds of SiC fiber preforms were used for fabrication of the three-phase com posite: (i) two dimensionally in-plane randomly oriented chopped SiC fiber mat of approximately 5-mm average fiber length (minimum length 1mm and maximum 7mm); the preform thickness was approximately 5mm and the appar ent volume fraction of the mat was _??_0.1; and (ii) unidirec tional continuous SiC fibers with an apparent fiber volume fraction of _??_0.3. The apparent fiber volume fraction was obtained by measuring the volume and weight of the preform assuming the density of SiC fiber as 2.55g/cm3.18 Both types of preforms were placed on the surface of the aluminum alloy, as shown in Fig. 1 . The alumina crucible was suspended from a load cell (resolution 10mg) which recorded the change in weight of the samples with oxida tion. For the purpose of comparison, the directed oxidation of aluminum alloy without fiber was also carried out.
The processing cycle, i.e., heating rate, oxidation sched ule (temperature and atmosphere) and cooling is shown in Fig. 2 . Typically, the oxidation was carried out in dry air at mosphere at 1573K for 4-6h. Below 1000K, an argon at mosphere was maintained to prevent formation of a hard oxide layer above the liquid aluminum alloy melt. After holding the alloy for 4-6h in the oxidizing atmosphere at constant temperature, the composite was cooled to room temperature at a rate of _??_-7K/min. The weight gain was measured after the introduction of dry air. For each alumi num alloy, at least five replications were made.
The composite samples were characterized by visual ob servation of the surface. Selected samples were polished both parallel and perpendicular to the growth direction of the composites by standard metallurgical process and ob 3. Experimental results and discussion 3.1 Microstructure and growth rate of Al2O3/Al alloy composite Figure 3 shows typical optical micrographs of the polished section of the as-fabricated Al2O3/Al alloy compo sites formed from aluminum alloys without SiC fiber ob- 3.2 Effects of added elements on growth of SiC/ Al2O3/Al alloy composite The maximum processing time for the SiC fiber compo site was selected as 4h because a linear relation between weight gain and time for fabrication of the Al2O3/Al alloy composite was noted when the processing time was less than this hours (Fig. 5) . Figure 6 shows the relation be tween weight gain versus time curve for aluminum alloy with the chopped SiC fiber preform. From the figure, the 
The Mg content of the alloy has very different effects o the infiltration of Al2O3/Al alloy composite into the preform; the Al2O3/Al alloy composite from Al• 5Si• 10M and Al• 10Si• 10Malloys, i.e., 10 mass% Mg alloys, did not infiltrate the SiC fiber at all. The relative ease of forma tion of the oxides can be deduced from their standard free energies and the formation of oxides at the processing tem perature is found to be:1
MgO<Al2O3<Si4) The formation of fine MgO powders, identified as crystal line MgO by X-ray diffraction, occurred just above the melt ing temperature of the alloy. Upon further oxidation, the MgO powder reacted with aluminum to form MgAl2O spinel:
Mg+1/2O2=MgO (5) MgO+2Al+3/2O2=MgO• Al2O3=MgAl6) With higher magnesium content, i.e., 10 mass% Mg, the MgO powder was not completely converted to the spinel as in the above reaction. Consequently, MgO powder remained between the SiC fiber preform and the MgAl2O layer and hindered the infiltration of the melt into the preform. fibers. It should be mentioned that the volume fraction of a void decreases dramatically in SiC/Al2O3/Al alloy compo site compared with the Al2O3/Al alloy composite processed from the same aluminum alloy and this behavior was clearly recognized for the composite processed from Al• 5Mg• 5Si alloy. The fiber-matrix interface was continuous, devoid of any interfacial porosity. This indicates good incorporation of the fiber by the liquid aluminum. The microstructure of the SiC/Al2O3/Al alloy composite differs from the Al2O3/Al alloy composite processed without fiber, however, the differ ences were not well identified in this study. Detailed observation of the fiber in Fig. 11 , however, shows a change of morphology in the microstructure of the SiC fiber near the interface. This is probably due to the degradation of the SiC fiber as a result of formation of the SiO2 at the surface of the fiber (this fiber has a high oxygen content resulting in formation of SiO2 at higher tempera tures) and reaction with the liquid aluminum alloy.21) In this work, degradation of the SiC fiber was not studied in de tail. The results indicate, however, that before commercial application of SiC fiber-reinforced composites, fiber degra-dation should be considered. The fiber can also be coated with a non-reactive coating6) and/or selections of suitable aluminum alloy to prevent interfacial reaction.
Conclusion
This study has demonstrated the viability of formation of continuous and chopped fiber-reinforced Al2O3/Al alloy composites by directed oxidation of liquid aluminum alloy with optimum Mg and Si contents. The results of infiltra tion of SiC fiber by Al2O3/Al alloy clearly show that the Mg content in Al-Mg-Si alloy should be reduced as much as possible. Higher Mg content results in formation of a MgO layer between the liquid alloy and the fiber preform, thus preventing the wetting of the fiber. The growth rate of the composite, using optimum aluminum alloy, also depends on the silicon content but not on the content of Mg. High sili con content retards the oxidation rate and consequently higher oxidation periods would be necessary to complete the in situ incorporation of the Al2O3/Al alloy composite into SiC fiber. The void fraction decreased dramatically us ing the fiber preform. From the findings in this study, Al• 5Mg• 5Si and Al• 5Mg• 10Si alloy are recommended to obtain porosity free high quality composite.
